Lateral gene transfer (LGT) is a central force in microbial evolution. The observation that genes encoding subunits of complexes exhibit relatively compatible phylogenies, suggesting vertical descent, can be explained by different evolutionary scenarios. On the one hand, the failure of a new gene product to correctly interact with preexisting protein subunits can make its acquisition neutral-a theory termed the ''complexity hypothesis.'' On the other hand, foreign subunit-encoding genes may reduce the fitness of the new host by disrupting the stoichiometric balance between complex subunits, resulting in purifying selection against gene retention. We previously showed in a model LGT system that overexpression of an orthologous subunit was neutral due to lack of interaction with host subunits. Here, we examine a case where the foreign protein is more similar to its native orthologs, by expressing the RNA polymerase b subunit (RpoB) of Bacillus subtilis in Escherichia coli. The foreign subunit is shown by coimmunoprecipitation to interact with the host subunits, and to form novel, nonspecific interactions. Nevertheless, the host did not incur any fitness disadvantage, as measured by its growth. We conclude that LGT of complex subunits may be neutral even when the transferred subunit can integrate into the host complex and that this neutrality can be a fertile ground for selective forces once the environment changes.
Introduction
Genomic studies of microorganisms have revealed the critical role that lateral gene transfer (LGT) has played in the evolution of prokaryotes (Doolittle et al. 2003; Koonin and Wolf 2008) . Several studies attempted to identify not only the functions that are more frequently transferred (Nakamura et al. 2004 ), but also the barriers that prevent the fixation of laterally acquired genes (Sorek et al. 2007; Wellner et al. 2007) . Genes encoding subunits of complexes, such as those involved in transcription and translation (often referred to as informational genes, see Jain et al. 1999) , are less likely to form successful interactions with native proteins of the host, and thus selection for their retention may be nonexistent (Jain et al. 1999) . However, because horizontally acquired genes can be fixed in microbial populations, even when they are neutral (Novozhilov et al. 2005) , lack of positive selection for retention cannot fully explain the rarity of transfer of informational genes.
The low transferability of a gene encoding a complex subunit can be caused by a toxic effect brought about by an increased dosage (Papp et al. 2003) , or because the foreign subunit causes the formation of a defective complex. Recently, it was demonstrated in an experimental
LGT model that expressing foreign subunits of an essential Escherichia coli enzyme, namely acetyl-CoA carboxylase, resulted in either little or no growth impairment of the bacterium (Wellner and Gophna 2008) . In that study, the foreign subunits failed to enter the endogenous enzyme complex, as demonstrated by coimmunoprecipitation, and were thus neutral to the fitness of the recombinant bacteria. This, however, left open the question of whether subunits that are more similar to their endogenous counterparts, and interact with native subunits will also be neutral, or alternatively will have a detrimental effect on the host, presumably due to this interaction. We therefore cloned the essential rpoB gene, encoding the RNA polymerase b subunit from Bacillus subtilis, which has 59% identity and 78% similarity to its E. coli ortholog, into an inducible plasmid, and examined its ability to interact with native subunits and affect the fitness of the host bacteria.
Materials and Methods

DNA Manipulations
All polymerase chain reaction (PCR) products were amplified using Phusion DNA Polymerase (Finnzyme) with bacterial genomic DNA serving as a template. Primers are detailed in supplementary table S1 (Supplementary Material online). Reactions were cycled 31 times (denaturation at 98°C, 10 s; annealing at 55°C, 30 s; elongation at 72°C, 30 s). Restriction endonucleases used for cloning were purchased from Fermentas, and DNA digest and heat inactivation were performed according to the manufacturer's instructions. T4 DNA ligase was purchased from Promega, and ligation reactions were performed according to the manufacturer's instructions. The identity of the DNA sequences of all cloned inserts was verified by sequencing with the ABI PRISM 3100 Genetic Analyzer apparatus, and compared with their corresponding genomic sequence at NCBI (http://ncbi.nlm.nih.gov) to verify their complete identity to wild-type rpoB alleles.
Growth Rate Experiments
Overnight cultures were diluted 5 Â 10 3 -fold and used to inoculate 50 ml of fresh ampicillin-containing LuriaBertani (LB) medium. Each culture was split into two subcultures, one supplemented with D-glucose and the other with L-arabinose, both to a final concentration of 0.2%. The cultures were grown at 37°C with aeration and optical density measurements were taken every 60 min. The experiment was repeated twice.
Overexpression of RpoB
The rpoB gene was amplified from E. coli K12 MG1655 and B. subtilis 168 by PCR (see supplementary table S1, Supplementary Material online, for primers sequences). The products were cloned into pBAD or pBAD-Flag vectors that allow controlled expression under the inducible arabinose promoter (Guzman et al. 1995) , and all cloned plasmids (Table 1) were sequenced to ensure the accuracy of the insert. The vectors were then transformed into E. coli K12 MG1655, and ampicillin-resistant clones were isolated.
Protein Extraction
Overnight cultures were diluted 10 2 -fold into 20 ml of fresh ampicillin-containing LB medium and grown for 2 h (37°C). Each culture was then split in two, and supplemented with 0.2% D-glucose or L-arabinose. Following two more hours of growth at 30°C, the cultures were centrifuged (5 min, 14,000 Â g, 4°C) and washed twice in phosphate-buffered saline (PBS; 10 mM phosphate, 2.7 mM potassium chloride, and 137 mM NaCl) containing 1 mM phenylmethanesulfonyl fluoride (PMSF). Cell lysis was carried out by sonication at 16 W for 8 Â 10 s bursts with 1 min on ice in between bursts. About 50 ll samples were taken, mixed with an equal volume of sample buffer [0.5 M Tris-HCl pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.01% bromophenol blue] and used for Coomassie staining.
Protein Gels and Western Blotting
Gel electrophoresis [10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)] and western blotting were carried out as previously described (Biran et al. 2000) . Mouse anti-Flag M2 (Sigma) was used as primary antibody and a horseradish peroxidase-conjugated antimouse immunoglobulin G from rabbit (Sigma) as a secondary antibody. Detection was performed with EZ-ECL chemiluminescence detection kit (Biological Industries).
Coimmunoprecipitation
Bacterial strains were grown for 1 h at 37°C, then supplemented with 0.2% L-arabinose or 0.2% D-glucose and grown for another hour at 30°C. After harvesting by centrifugation (14,000 rpm, 10 min, 4°C), the pellets were resuspended with 1 ml of 1 mM PMSF-containing PBS. This procedure of harvesting and resuspension was carried out one additional time for complete removal of any residual growth medium.
Cell lysis was carried out by sonication for 10 pulses of 10 s at 16 W with 1 min on ice between pulses. The lysates were immediately centrifuged at 14,000 rpm for 30 min at 4°C in order to remove debris composed of aggregates and membranes. Total protein quantity was determined by a Bradford assay and the lysate quantities equalized. Each bacterial strain was incubated with 50 ll of the equilibrated anti-FLAG beads (Sigma), prewashed with 1 ml of PMSFcontaining PBS for 1 h at 4°C, in a rotary device that completes a full rotation every 8 s. The tubes were centrifuged (1,200 rpm, 30 s, 4°C) to precipitate the beads and the supernatant was taken out and kept at 4°C. Three washes were carried out using 1 ml of PBS. Eventually, the bound proteins were eluted from the lysate by incubation at 80°C for 5 min with an equal volume of sample buffer (0.5 M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue). Both supernatant and pellet of each strain were analyzed using SDS-PAGE and stained with Coomasie-brilliant blue. The relevant proteins were excised from the gel and identified by ESI dual mass spectrometry (MS/MS).
Results
The Foreign Polypeptide Interacts with Native Subunits
The core of the RNA polymerase complex (RNAP), containing the a, b, b#, and x subunits is conserved in all cellular life forms, and its components are thought to have undergone very little LGT, although rare acquisition of small MBE domains has probably occurred during their evolution (Iyer et al. 2004) . The E. coli rpoB gene encodes the b subunit, which directly binds one of two a subunits and the b# subunit of the RNAP. This subunit is considered essential to all life and has been experimentally validated as such in 11 bacterial species (see Database of Essential Genes http: //tubic.tju.edu.cn/deg/), including E. coli (Nene and Glass 1982; Gerdes et al. 2003) and B. subtilis (Kobayashi et al. 2003) . RNA polymerase b subunit (RpoB) therefore represents an archetypical informational protein that is crucial for basic metabolism. Accordingly, even minor defects in RpoB function are manifested by growth impairment (Nene and Glass 1982) , and it therefore represents an attractive target for experimental study of LGT. To directly test whether RpoB B. subtilis can physically interact with the native a and b# subunits, the B. subtilis rpoB, as well as the native E. coli orthologs, were cloned into pBAD24-Flag vector (Wellner and Gophna 2008) , fusing these coding genes to the Flag epitope (see Materials and Methods). Following induction of the cloned gene by arabinose, we could test for interaction of both epitope-tagged b subunits with native complex subunits using immunoprecipitation, as native subunits are expected to coprecipitate with either or both RpoB-Flag variants. Indeed, the Flag-tagged E. coli subunit ( fig. 1 , short black arrow) could form a stable interaction with the a subunit (RpoA) of the RNA polymerase complex ( fig. 1 , short gray arrow) as evidenced by an SDS-PAGE followed by electrospray ionization MS/MS of the putative a subunit band. RpoB B. subtilis ( fig. 1 , long black arrow) was expressed at a higher level than the native subunit, probably due to lack of feedback inhibition at the translational level that affects RpoB E. coli (Passador and Linn 1989) . Furthermore, both the native a ( fig. 1 , long gray arrow) and b# subunits ( fig. 1 , dashed arrow), which coprecipitated with the epitopetagged RpoB B. subtilis , could be identified by SDS-PAGE followed by MS.
The Foreign Polypeptide Interacts with Other Host Proteins
Several additional E. coli proteins that are not known to interact with RpoB coprecipitated with RpoB B. subtilis ( fig. 1 ). These included the major chaperone DnaK, which has been shown in E. coli to interact with the RNA polymerase complex through the b# subunit (Arifuzzaman et al. 2006 ) but also proteins not known to normally bind this complex such as FtsZ and MreB, both involved in cell wall synthesis (Varma and Young 2009) . Thus, it appears that in this experimental
LGT event, not only was the foreign subunit able to interact with its native partners, but RpoB B. subtilis also formed additional nonnative interactions.
Expression of the Foreign Subunit Has Very Minor Adverse Effects on Bacterial Growth
Because RpoB B. subtilis clearly interacts with many E. coli proteins, including native RNA polymerase subunits, one could expect that its expression will have a deleterious effect on the growth of its host bacterium. We therefore cloned rpoB B. subtilis , as well as its E. coli ortholog, in a pBAD vector lacking the Flag epitope (see Materials and Methods). It is long established that overexpressing a defective RpoB subunit in E. coli can cause a dominant negative or even dominant-lethal phenotype (Lee et al. 1989 ). Surprisingly, induction of expression of the RpoB B. subtilis had no observable impact on bacterial growth ( fig. 2) . Similarly, expressing the native subunit also did not cause Integration of a Foreign Gene into a Native Complex · doi:10.1093/molbev/msq145 MBE a deleterious effect ( fig. 2 ). Similar growth was observed when using the Flagged version of the pBAD vectors (supplementary fig. S2, supplementary material online) . Thus, expression of the foreign subunit did not seem to damage host fitness, at least under standard growth conditions, that is, a rich medium and sufficient aeration. Because growth curves are somewhat insensitive to small differences in fitness, we calculated the relative fitness (W ij ) of the two RpoB-expressing strains, using Lenski's formula: (Lenski et al. 1991) . We first examined relative fitness during maximal growth (in the logarithmic phase) and observed that the strain harboring the plasmid with the foreign rpoB allele had a relative fitness of 102.25% compared with the strain with the native rpoB allele. However, when comparing the relative fitness of the strains over the whole growth curve (i.e., from the 1 h time point when cells are still in the lag phase to the 5 h time point, in early stationary phase), the relative fitness of the strain harboring the plasmid with the foreign rpoB was reduced to 97.41%, compared with the E. coli counterpart, indicating a minor fitness disadvantage. Nevertheless, given that overexpressing a foreign protein causes some drop in fitness, simply because ribosomes are occupied with translating a transcript with suboptimal codons (Kudla et al. 2009 ) and that RpoB is a very long protein, these results indicate no fitness cost associated with the protein's function. Furthermore, the relative fitness of the strain carrying the rpoB B. subtilis , when protein expression was suppressed by glucose, was nearly identical (96.61%) to that observed under inducing conditions (see above).
Discussion
The intuitive view that for a foreign gene to be retained in the recipient organism it must confer a selective advantage has been shifting in recent years, and it is becoming clear that more often than not, acquisition of a foreign gene by LGT will be neutral (Gogarten and Townsend 2005) . Although lack of interaction with native proteins can easily lead to neutrality (Wellner and Gophna 2008) , one can easily envision a scenario where a foreign subunit is similar enough so that it will interact with host proteins. A foreign RpoB subunit of RNA polymerase from a spirochete was shown to complement a temperature sensitive rpoB mutation in E. coli (Alekshun et al. 1997) , indicating that it can form functional associations with the host's RNA polymerase subunits. Here, we show that even in the presence of the native b subunit, the foreign subunit could bind to the a and b# subunits of E. coli. Presumably, the ability to compete with the native subunit b was helped by the artificially high level of expression of RpoB B. subtilis , which might have also contributed to some of the additional interactions observed. Yet, despite these interactions, the growth of the cells expressing RpoB B. subtilis was hardly impaired. Although clearly one cannot generalize from one example, this interesting test case illustrates that neutrality can be maintained even in the presence of multiple interactions, including novel ones. This has far-reaching implications for our understanding of LGT. If novel interactions are neutral, at first, they may be later selected for, when the environment shifts due to biotic or abiotic changes. Thus, neutrality lowers barriers to transfer and prepares the ground for future selective pressures.
Curiously, no substantial effect was observed due to gene dosage by overexpressing the native RpoB E. coli . It therefore appears that as seen previously for acetyl-CoA carboxylase (Wellner and Gophna 2008) , wild-type E. coli strains such as MG 1655 do not suffer from dosage effects and often contain posttranscriptional regulation that limits the accumulation of an overrepresented subunit. Thus, ''The Balance Hypothesis,'' stating that the deleterious effects of increased dosage of a single subunit operate against duplication of complex-encoding genes (Papp et al. 2003) , is not supported in E. coli, unlike yeast, confirming previous bioinformatic analysis (Wellner et al. 2007 ). Table S1 and figure S2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
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